the hematopoietic progenitor cell to the first stage is Salt Lake City, Utah 84112 characterized by an arrest of proliferation and initiation of endomitosis, a process involving several cycles of genome replication without cell division that results in Summary diploid chromosome numbers that range from 16N to 128N (Ravid et al., 2002) . The second stage of maturaPlatelets are specialized hemostatic cells that circution is associated with rapid cytoplasmic expansion late in the blood as anucleate cytoplasts. We report and robust transcription that drives the expression of that platelets unexpectedly possess a functional spligenes essential for megakaryocyte maturation, organceosome, a complex that processes pre-mRNAs in elle and granular formation, and the development of the nuclei of other cell types. Spliceosome compospecialized proplatelet extensions that eventually nents are present in the cytoplasm of human megaspawn individual platelets that circulate in the blood karyocytes and in proplatelets that extend from mega-(Hartwig and Italiano, 2003). Although transcriptional karyocytes. Primary human platelets also contain processes are regnant during megakaryocyte differentiessential spliceosome factors including small nuclear ation, the spliceosome and splicing events have not RNAs, splicing proteins, and endogenous pre-mRNAs. been characterized during megakaryopoiesis or thromIn response to integrin engagement and surface re-
bopoiesis. ceptor activation, platelets precisely excise introns
Here we explored intracellular distribution patterns in from interleukin-1␤ pre-mRNA, yielding a mature mesa model of human megakaryocyte differentiation and sage that is translated into protein. Signal-dependent proplatelet formation and found that critical spliceososplicing is a novel function of platelets that demonmal components are present in the cytoplasm of these strates remarkable specialization in the regulatory cells. Parallel analysis of primary human platelets demrepertoire of this anucleate cell. While this mechaonstrated that the net result is the accumulation of nism may be unique to platelets, it also suggests preessential spliceosomal proteins and small nuclear riboviously unrecognized diversity regarding the funcnucleic acids (snRNAs) in these anucleate cytoplasts. tional roles of the spliceosome in eukaryotic cells.
In addition, mature human platelets isolated from peripheral blood retain a subset of pre-mRNAs, and we Introduction characterized one of these, interleukin-1β (IL-1β), and found that it is spliced into mature message in response Gene expression in nucleated cells is regulated at sevto cellular activation. This splicing event coincides with eral checkpoints. A critical step is the removal of nonnew synthesis of IL-1β protein and was recapitulated in coding introns from newly transcribed pre-mRNAs, a an ex vivo splicing system. These unexpected results process that occurs cotranscriptionally in the nucleus indicate that functional spliceosomal components are by a trans-acting complex termed the spliceosome distributed to platelets during thrombopoiesis and that (Maniatis and Reed, 2002) . The human spliceosome splicing can proceed in response to outside-in signals contains small nuclear ribonucleoproteins (snRNPs) in an environment that is devoid of direct nuclear reguand auxiliary proteins that impart the correct architeclation and transcription. ture necessary for proper intron recognition and exci-(see below). Therefore, we hypothesized that critical In addition to U1 snRNP binding at the 5# splice site, spliceosome components accumulate in proplatelets spliceosome assembly involves interactions between during thrombopoiesis, the formation of blood platethe U2 snRNP auxiliary factor (U2AF) and pyrimidine lets, and are subsequently maintained in circulating tracts at the 3# splice site of the target pre-mRNA platelets after their release from the bone marrow. Figure 1C) . mRNAs including the cytokine interleukin-1β (IL-1β) is Because our RACE data demonstrated that mature resting and activated conditions using primers that span each intron separately since platelet-derived ILplatelets contain IL-1β pre-mRNA, we asked if IL-1β pre-mRNA is localized to the cytoplasm of megakaryo-1β mRNA is in low abundance, a feature of eukaryotic mRNAs under regulatory control (Kochetov et al., 1998; cytes that are beginning to extend proplatelets. We found amplified intronic IL-1β cDNA in the cytoplasm of Weyrich et al., 2004) . We found that the pre-mRNA in unstimulated platelets contained all six introns, althese platelet precursors employing probes that detect introns 1, 4, and 6 ( Figure 4A, top panels) . We also though introns 4-6 are partially spliced ( Figure 5C response to activation, we postulated that the platelet mRNA in activated, adherent platelets (see Figure 4B , spliceosome may be partitioned to specific regions top middle and right panels). TA cloning and sequencwithin the cell. Therefore, we fractionated platelet exing revealed that this processed mRNA is mature, IL-1β tracts on stepped sucrose gradients to begin purifying mRNA (data not shown). The CD45 + leukocytes exthe spliceosome. We found that U1 70K protein is pretracted from this platelet preparation contained mature dominantly found in fractions two through four ( Figure  transcripts for CXCL8 (interleukin-8) , a leukocyte-spe-6B) and that fraction four generates a definitive introncific gene product (Lindemann et al., 2004) , whereas less IL-1β message from the intron-containing precur-CXCL8 was absent in CD45-depleted platelet preparasor ( Figure 6C ). TA cloning and sequencing confirmed tions ( Figure 5A, bottom panel) . In addition, pre-mRNA that the spliced product was indeed intronless IL-1β for IL-1β was not detected in monocytes stimulated mRNA, and side-by-side comparisons demonstrated with lipopolysaccharide, providing further evidence that that it was not amplified from endogenous IL-1β mRNA IL-1β pre-mRNA is platelet derived (Figure S6 ). CD45 present in fraction four of the platelet lysate (data not depletion, actinomycin D pretreatment, and the abshown). The isolation of splicing-competent extracts sence of CXCL8 message in platelet RNA preparations from platelets confirms that this anucleate cell posargue against genomic contamination. Nevertheless, to sesses a functional spliceosome. ensure that we did not amplify genomic DNA, we treated platelet RNA with RNase, a regimen that eliminated IL-1β pre-mRNA and mature mRNA ( Figure 5B) . Discussion In contrast, DNase treatment did not alter IL-1β message levels in platelets but completely degraded a geThe human spliceosome is requisite for gene expression because it removes nontranslatable introns from nomic DNA substrate ( Figure 5B) .
Next, we characterized full-length IL-1β mRNA in newly transcribed pre-mRNAs (Maniatis and Reed, 2002).
The spliceosome functions within nuclear boundaries, platelets to confirm that cellular activation generates a translatable message. We amplified the message under and there has been no indication that splicing takes ., 2002a) . Possession of such a daedal unit events occur at the transcription phase as pre-mRNAs by platelets demonstrates remarkable specialization are spliced into mature messages. In contrast, the and intricate information distribution from the megamechanisms we identified in platelets involve signaling karyocyte to the terminally differentiated platelet. Whether to post-transcriptional checkpoints. While signal-depenthe spliceosome is translocated out of the megakaryodent extranuclear splicing may be a unique feature of cyte nucleus by regulated nuclear export or, in contrast, platelets, it is possible that cytoplasmic pre-mRNA is differentially localized to the cytoplasm by inhibition splicing may also occur in cells such as neurons. Neuof nuclear import is not known. Passive movement via ronal outgrowth resembles proplatelet morphogenesis breaks in the nuclear envelope is also possible because (Italiano and Shivdasani, 2003), and posttranscriptional megakaryocytes undergo endomitosis to become polygene expression can be spatially localized to synaptic ploid, a process that weakens the nuclear envelope as junctions (Martin, 2004) .
it disassembles and reassembles with each endomiIn addition to being transcribed but not spliced, ILtotic cycle (Italiano and Shivdasani, 2003). However, the 1β pre-mRNA is distributed to the cytoplasm of mature nuclear envelope is ultrastructurally intact in megamegakaryocytes so it can eventually be packaged into karyocytes with proplatelet extensions ( Figure 1B) . Furplatelets. This finding was unexpected because, if inthermore, spliceosomal components are found in the trons are not excised from mRNAs, the transcripts are generally thought to be degraded in the nucleus, an in nucleus throughout proplatelet formation, suggesting with an NBT/BCIP colorimetric reaction (Roche Applied Science, Washed human platelets were isolated using methods that we Penzberg, Germany). have previously described (Weyrich et al., 1996) , with the exception For direct in situ PCR analysis, platelets were fixed with paraformthat contaminating leukocytes were always removed by CD45 + aldehyde, permeabilized, and treated with DNase as described bead selection at the PRP stage. We were unable to detect any above. In each study, the initial cDNA template was generated by residual leukocytes in CD45-depleted preparations by hemocytomreverse transcription, and then endogenous RNA was removed eter counting and microscopy ( Figure S5, middle panel) ; however, using RNase ONE. This step was critical to reduce background beplatelet counts were normally reduced by 20%-40%. The negacause we found that DIG-labeled dNTPs bind with high efficiency tively selected platelets were resuspended in M199 serum-free culto endogenous RNA in platelets (data not shown). After RNase ture medium for all studies (Lindemann et al., 2001a) . The cells treatment, the cDNA generated in quiescent platelets was ampliwere either left quiescent or allowed to adhere to immobilized hufied in the presence of DIG-labeled dNTPs using primers specific man fibrinogen (Calbiochem, La Jolla, California) in the presence of thrombin (0.05 U/ml; Sigma).
for intron one (5#-CAAGGATCCTGCTCCAGCTCTCCTAGCC-3# and Human monocytes were isolated by countercurrent elutriation as 5#-ACCGGTACCTGAGTGACTTCCCCATGACG-3#). In the case of previously described (Weyrich et al., 1996) . HeLa S3 (CCL-2.2, adherent platelets, the cDNA was amplified in the presence of DIG-ATCC) cells were grown in suspension using spinner flasks, and labeled dNTPs using primers that targeted exons one (5#-CGAGG HeLa (CCL-2, ATCC) cells were grown on coverglass chamber CACAAGGCACAACAG-3#) and four (5#-GCATCTTCCTCAGCTTG slides (Nalge Nunc International Inc., Naperville, Illinois) in Dul-TCC-3#), respectively. These exonic primers allowed us to detect becco's modified Eagle's medium (DMEM) supplemented with the spliced product (307 bp), but not the intronic product (3326 bp), 10% FBS.
by normal PCR methods. Negative control samples received no MMLV reverse transcriptase during the initial cDNA synthesis step. After the cDNA products were amplified in the presence of DIGmRNA Detection Systems RACE labeled dNTPs, the cells were refixed, and the labeled dNTPs were detected as described above. Total platelet RNA was used to generate first-strand RACE-ready cDNA (Clontech, Palo Alto, California). Gene-specific primers for U snRNAs in megakaryocytes, megakaryocytes with proplatelet extensions, mature platelets, or HeLa cells were detected with an 5#-RACE were directed to exon 3 and exon 1 for IL-1β and α IIb , respectively. Gene-specific primers for 3#-RACE were directed to antibody directed against the 2,2,7-trimethylguanosine cap (Calbiochem, La Jolla, California). The methods used to detect U exon 7 and exon 25 for IL-1β and α IIb , respectively. RACE products were sequenced on an ABI3730 96-capillary sequencer (Applied snRNAs with anti-TMG parallel the procedures described below for immunocytochemical detection of splicing proteins (see below). Biosystems, Foster City, California) using M13R and M13F primers.
Exon-Flanking RT-PCR
In Vitro Splicing Assay HeLa nuclear extracts competent for splicing were obtained from Studies to determine endogenous splicing in quiescent and activated platelets were done by PCR using primers flanking intron 1 ProteinOne Inc. (College Park, Maryland). Platelet extracts were isolated using a modified protocol designed for HeLa cells (Mayeda of IL-1β. PCR for IL-1β was also conducted over each intron of the gene using primers that targeted flanking exons and conditions and Krainer, 1999). In brief, adherent platelets were lysed by nitrogen cavitation bombing at 1200 psi for 5 min. The soluble lysate optimal for amplification of longer transcripts (see Figure 5C) . In select studies, platelet RNA was treated with DNase 1 (Ambion Inc., was placed on a 30%-60% sucrose step gradient made in 20 mM HEPES (pH 7.9), 20% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , Austin, Texas) and RNase 1 (Promega, Madison, Wisconsin) to confirm that it was RNA. Parallel controls with in vitro-transcribed RNA 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM DTT, and the gradient was centrifuged at 34,900 rpm for 3 hr in a SwTi40 rotor. Six cellular and genomic DNA, isolated from human monocytes, were simultaneously analyzed.
fractions were collected and used for in vitro splicing experiments. A cDNA template of IL-1β containing intron one was made, incorNorthern Analysis of U snRNAs Total RNA was isolated from purified human platelets and cultured porating a T3 promoter and poly-A tail, by PCR (forward primer, AATTAACCCTCACTAAAGGGAGAACCTCTTCGAGGCACA; reverse HeLa S3 cells as previously described (Weyrich et al., 1998) 
